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Louisiana shelfThe hypoxic region in the northern Gulf of Mexico, one of the largest man-made hypoxic zones in the world, has
received extensive scientiﬁc study and management interest. A previous statistical study has concluded that
in addition to anthropogenic nitrogen loading, the observed hypoxic extent is correlated to the duration of
upwelling favorable (westerly) wind without elucidating the underlying mechanism. In this study, we use a
three-dimensional, coupled hydrological–biogeochemical model to mechanistically examine how variations of
the hypoxic area are related to the duration of upwelling-favorable wind. We performed scenario experiments
with different durations of upwelling-favorable wind using realistic winds from summer 2002 (when
upwelling-favorable winds were present only for about 1 month) and summer 2009 (when upwelling-
favorable conditions started early and persisted for about 2 months). While the maximum simulated hypoxic
area is approximately 15,000 km2 in both cases, the evolutions of the hypoxic area and the dates when its
maximum extent are reached are different. With an early start of persistently upwelling-favorable wind in
2009, the hypoxic area reached itsmaximum in early summer and decreased afterwards. By contrast, the hypoxic
area was small in early summer of 2002 and peaked during the short period of upwelling-favorable wind in late
summer. The model revealed that the wind inﬂuences the evolution of the hypoxic area by changing the vertical
and horizontal distributions of the low salinity, high chlorophyll water on the shelf.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The term hypoxia refers to oxygen concentrations in aquatic envi-
ronments that are low enough to have deleterious effects onmetazoans.
Hypoxic conditions can cause suffocation and aberrant behavior of
benthic fauna and can negatively impact ﬁshery production. As a result,
hypoxia has received extensive scientiﬁc study and management inter-
est (Bianchi et al., 2010; Caddy, 1993; Diaz, 2001; Diaz and Rosenberg,
1995, 2008). The interest is especially great for the northern Gulf of
Mexico where theMississippi River delivers a large amount of freshwa-
ter andnutrients to the Louisiana shelf. The freshwater increases density
stratiﬁcation and inhibits oxygen exchange between near-bottom
water and the atmosphere. The discharged nutrients stimulate phyto-
plankton growth and subsequent sinking of organic matter to the
sediments,where the organicmatter is decomposedby bacteria andcon-
sumes oxygen. These two effects, density stratiﬁcation and stimulation ofnnel@dal.ca (K. Fennel),
S.F. DiMarco),
. Open access under CC BY-NC-ND liceorganic matter production, lead to the development of a large hypoxic
region every summer. The hypoxic region in the northern Gulf
of Mexico reached its largest observed extent of about 22,000 km2
in 2002 and averaged about 16,000 km2 between 1993 and 2009
(Obenour et al., 2013). It has become one of the largest estuarine and
coastal hypoxic zones in the world (Dale et al., 2010; Goolsby et al.,
2001; Rabalais et al., 1999, 2001, 2002b; Stow et al., 2005).
The observed areal extent of the Gulf of Mexico hypoxic zone has in-
creased since 1980. It is widely accepted that this increase was mainly
driven by increased anthropogenic nitrogen loading resulting in coastal
eutrophication (Rabalais et al., 1996, 2002a, 2002b; Turner and Rabalais,
1994). Nutrient management strategies in the Mississippi watershed
have been suggested in order to improve water quality in the northern
Gulf of Mexico (Mississippi River/Gulf of Mexico Watershed Nutrient
Task Force, 2001, 2008), including a reduction in the use of nitrogen-
based fertilizer, improved management of animal feces, reduced dis-
charge from point sources and restoration of wetlands (Bianchi et al.,
2010, 2011; Dale et al., 2010; Mitsch et al., 2001). However, the effects
of the above-mentioned nutrient practices in the watershed are smaller
than expected. For example, total annual nitrogen loading to the Gulf
was reduced by 21% from 2001 to 2005 compared to the period from
1980 to 1996. Despite the nutrient reduction, the average measured
hypoxic area from 2001 to 2005 remained the same as the 1985 to
1996 average (Mississippi River/Gulf of Mexico Watershed Nutrientnse.
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nitrogen reduction may be because the variability of physical factors,
such as wind and circulation, is not well understood. In addition, it is
possible that past estimations of the size of the hypoxic area have
some inaccuracies due to limitations in sampling and interpolation
methods (Feng, 2012; Scavia et al., 2013).
The river discharge of theMississippi-Atchafalaya River systemhas a
typical annual cycle with gradually increasing discharge from winter to
spring, followed by decreasing discharges with a minimum in summer.
Because of the high river discharge in spring, the total nitrogen loading
is also high then. The May–June total nitrogen (TN) loading from the
Mississippi-Atchafalaya River system has long been held as the best
predictor for size of hypoxic area in summer (Scavia et al., 2003).
However, the relationship between the May–June TN loading and
the observed hypoxic area is often confounded by the complexity and
variability of physical factors in the coastal system, especially the wind
(DiMarco et al., 2010). The May–June TN loading of 2009 was about
3.97 × 105 metric tons and very similar to the May–June TN loading
of 2002 (4.05 × 105 metric ton, Fig. 1), the year in which the hypoxic
area was at its historical high. However, the observed hypoxic area dur-
ing 2009was only 8000 km2, substantially smaller than the 22,000 km2
in 2002. The nearly three-fold difference in hypoxic area was possibly
the result of an early start and abnormally long duration of upwelling-
favorable (westerly) wind forcing preceding the observations (observa-
tions are from a shelf-widemapping cruise that occurs annually around
late July or early August). In 2009, upwelling favorable winds started
on 04 June, over 1 month earlier than in 2002 and around 20 days
earlier than in a 25-year climatology (1985–2009). Furthermore, the
upwelling-favorable conditions lasted for around 8 weeks, almost
twice as long as in 2002 and about 2 weeks longer than in the climatol-
ogy (Fig. 2).
The effect of upwelling favorable wind on the spatial extent of hyp-
oxic conditionshas been studied in two recent statisticalmodels. Forrest
et al. (2011) found that the average east–west wind speed explained
16% of the hypoxic area variability from 1985 to 2010, not much
less than the 24% variability explained by the spring nitrogen loading
for the same period. Feng et al. (2012) reconﬁrmed the importance ofFig. 1.Themeasured totalmonthlyMississippi-AtchafalayaRiver discharges (top), and total nitr
2009 (blue) and climatology from 1985 to 2009 (gray). Error bars show the maximum and mieast–west winds by showing that the duration of upwelling-favorable
wind explains 32% of the observed variability in hypoxic area from
1985 to 2010 when hurricane years are excluded (52% of the variability
is explained for the period 1993 to 2010).While these statistical models
provide quantitative evidence for the importance of wind in determin-
ing the hypoxic extent, they do not provide insight into the underlying
mechanisms. One objective of this paper is to examine the effect of
upwelling-favorable wind mechanistically.
One way by which the effect of wind forcing on variation in
hypoxic area can be studied is with the help of a high-resolution,
three-dimensional, coupled hydrodynamic-biogeochemical model.
Hetland and DiMarco (2008) implemented a 3D, hydrodynamic model
(ROMS) with simpliﬁed oxygen respiration parameterizations for the
northern Gulf of Mexico shelf to investigate the relative importance of
local vertical processes, mainly respiration and mixing, and lateral
advection processes on the formation and maintenance of hypoxia.
The hydrodynamic model has been shown to have skill in reproducing
temperature, salinity and current ﬁelds. It is therefore a useful founda-
tion for coupling with a biogeochemical model (Hetland and DiMarco,
2012). Fennel et al. (2011, 2013) built on the hydrodynamic model
of Hetland and DiMarco (2008, 2012) and replaced the simple oxygen
respiration model with a nitrogen-based biogeochemical model. The
oxygen respiration in the nitrogen-based model depends on the avail-
ability of organicmatter that is photosynthetically produced fromnitro-
gen inputs from the Mississippi-Atchafalaya river system. The coupled
model allows one to simulate the evolution of the hypoxic area in a
spatially explicit manner; the model's high temporal resolution allows
one to assess hypoxia variability on short timescales.
In this study, we use themodel of Fennel et al. (2011, 2013) to inves-
tigate the effect of wind forcing on the areal extent of hypoxia in sum-
mer on the northern Gulf of Mexico shelf. In this region, hypoxia was
deﬁned as dissolved oxygen concentration less than 2 mg/L (62 μM).
We report scenario experiments forced by realisticwinds that represent
a long (about 2 months) and a short (about 1 month) duration upwell-
ing case, and examine how the duration of upwelling inﬂuences the
distribution of surface salinity and chlorophyll, and thereby the bottom
dissolved oxygen concentrations and hypoxic area.ogen loadings (bottom, including both organic and inorganic nitrogen types) in 2002 (red),
nimum values of the 25-year climatology.
Fig. 2. NARRW–E winds during summer of 2002 and 2009 averaged over themodel domain. Positive values indicate wind fromwest to east (westerly, or upwelling-favorable). Thin red
and blue lines show 3-hourly winds; bold red and blue lines show 40-hr low-pass ﬁltered winds. Black lines show the climatological W–E wind from 1985 to 2009with light shaded area
indicating one standard deviation.Westerlywinds last from23 June to 07August in the climatology (dark gray areas); from06 July to 02 August in 2002 (horizontal blue bar); and from04
June to 01 August in 2009 (horizontal red bar). Early summer (referred to as period 1) from10 June to 23 June and late summer (referred to as period 2) from17 July to 31 July are indicated
by the thick black lines at the x-axes.
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2.1. Physical model
The hydrological component of the coupled model is based on the
Regional Ocean Modeling System (ROMS 3.6) and was conﬁgured
according to Hetland and DiMarco (2008). The model domain spans
the region from 94.7°W to 87.7°W and from 27.4°N to 30.4°N, covering
the shelf region where oxygen concentration was measured routinely
from 1985 to 2012. The model's horizontal grid spacing varies with
the highest resolution of 1 km near the Mississippi River Delta and
the lowest resolution of 20 km in the southwest corner of the domain
(average grid spacing is 4 km). Themodel has 20 terrain-following ver-
tical layers whose resolution is reﬁned near the surface and bottom
boundaries. The model uses fourth-order horizontal advection of
tracers, third-order upwind advection of momentum, and the Mellor
and Yamada (1982) turbulence closure scheme for vertical mixing.
Themodel was initialized with an average climatological proﬁle of tem-
perature and salinity from the 2001World Ocean Atlas, zero barotropic
and baroclinic velocity ﬁelds and free surface height. Along the three
open boundaries, gradient conditions are used for the free surface, radi-
ation conditions for tracers and baroclinic 3D velocities, and the Flather
(1976) condition for the barotropic 2D velocities. Tracers were nudged
along the open boundaries to climatological data calculated from
LATEX (Nowlin et al., 1998) andNEGOM(Jochens et al., 2002)measure-
ments. The nudging time scales are 1 d and 20 d for incoming and out-
going information, respectively. The skill of the hydrodynamic model in
reproducing the temperature, salinity and current ﬁelds has been
assessed by Hetland and DiMarco (2012), who showed that the model
reproduces the shelf circulation and temporal seasonal variation well.
The model is driven with Mississippi and Atchafalaya River
discharge estimates made by the U.S. Army Corps of Engineers
(USACE) at Tarbert Landing, MS, and Simmesport, LA, respectively
(http://www.mvn.usace.army.mil/). River-borne nutrient concentra-
tions, including NO2 + NO3, NH4 and Total Kjeldahl Nitrogen (TKN)
are measured monthly and reported by the U.S. Geological Survey(USGS) for St. Francisville, LA, and Melville, LA (http://toxics.usgs.gov/).
Thewind forcingwas taken from theNorthAmericanRegional Reanalysis
(NARR, Mesinger et al., 2006), which is a high-resolution climate data
set covering the shelf-wide survey period of hypoxia (1985–present) at
3-hour intervals. The temporal resolution can resolve vertical mixing
related to the diurnal–inertial band weather activity (DiMarco et al.,
2000; Zhang et al., 2009, 2010).
2.2. Biogeochemical model
The biological model describes a simpliﬁed nitrogen cycle with
seven state variables: nitrate, ammonium, phytoplankton, zooplankton,
small and large detritus, and chlorophyll (Fennel et al., 2006). Applica-
tion of the nitrogen cycle model to the northern Gulf of Mexico has
been described and validated in Fennel et al. (2011) and dissolved oxy-
gen has been added to the model as an additional state variable as
described in Fennel et al. (2013). The processes affecting dissolved oxy-
gen concentrations in themodel are air–sea gas exchange, primary pro-
duction, nitriﬁcation and respiration by zooplankton and by microbes
decomposing detritus. At the sediment–water interface, the model
assumes “instantaneous remineralization” by which organic matter
that sinks to the bottom is remineralized immediately to ammonium
and the corresponding amount of oxygen is taken up immediately as
well. The parameterization of instantaneous remineralization takes
into account that a fraction of sediment remineralization occurs through
denitriﬁcation resulting in a loss of ﬁxed nitrogen from the system. The
details are described in Fennel et al. (2006, 2013). The values of the
parameters of the biogeochemical model are the same as in Fennel
et al. (2011, 2013).
2.3. Observed and simulated hypoxic area
An annual, shelf-wide hypoxia survey has been conducted
by Louisiana Universities Marine Consortium (LUMCON) since
1985 (Rabalais et al., 2002a). The week-long cruises usually take place
in late July or early August. Based on observations of bottom water
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hypoxic area estimates and associated uncertainties for the years
1985 to 2011 using geostatistical methods. We use their hypoxic area
estimates to assess our model performance.
We ran the biogeochemical model continuously for 25 years (1985–
2009). During summer, our model-simulated bottom water oxygen
distributions are characterized by a high degree of temporal variability
(on time scales of days), hence hypoxic area estimates can vary signiﬁ-
cantly within just a few days. In order to produce model-based esti-
mates that are comparable to the non-synoptic observational hypoxia
estimates, we ﬁrst calculated the total hypoxic area during the cruise
period (by summing the area of all grid cells that were hypoxic at
some time during the cruise). Then, to illustrate the degree of temporal
variability, we also calculated the total hypoxic area in late July
(by summing the area of all grid cells that were hypoxic at some point
between July-16 and July-31) and the minimum hypoxic area encoun-
tered on any day in late July.
2.4. Scenarios
We examine four model scenarios driven by realistic as well as
idealized river discharge, TN loading and realistic wind in order to test
the effect of the duration of upwelling-favorable wind on hypoxia
evolution (Table 1). Scenarios 1 and 2 are the summer months (June,
July and August) for 2002 and 2009, respectively, and are taken from
the 25-year simulation. Results from these two scenarios were com-
pared with the hypoxia observations in 2002 and 2009.
In Scenario 3, themodelwas initializedwith themodel state from25
May 2009 and run for 3 months using 2002 winds and 2009 river dis-
charge and TN loading. Since the river discharge is the same in Scenarios
2 and 3, these two scenarios examine the inter-seasonal hypoxic area
variation with long and short duration of upwelling favorable wind.
We subsequently refer to Scenario 3 as the “short upwelling wind”
case and Scenario 2 as the “long upwelling wind” case.
The fourth scenario is identical to Scenario 2 except that river dis-
charge and TN loading was modiﬁed in an idealized way. In Scenario
4, river discharge and TN load use realistic values up to June 23, but
then switch to the constant Apr–June average of 2009 (Fig. 1 in Supple-
mentary Material). Scenarios 2 and 4, both driven by 2009 wind, exam-
ine the inﬂuence of seasonally reduced river discharge on hypoxic area
formation. We refer to Scenario 4 as the “modiﬁed river” case.
In the following, we focus on hypoxia development and evolution
during the summer months and analyze the spatial distribution of hyp-
oxic conditions, surface salinity and chlorophyll concentration for two
14-day periods. Period 1 is in the early summer (10 June–23 June);
and Period 2 is in the late summer (17 July–31 July).
3. Results
3.1. Model-observation comparison
3.1.1. Interannual variability of hypoxic areal extent
The observed and simulated summer hypoxic areas from 1985
to 2009 agree well when considering the associated uncertainties
(Fig. 3). The average of all the simulation-based hypoxic area estimates
is 12,900 ± 6200 km2, slightly smaller than the average of theTable 1
Description of model scenarios.
Case name Wind River
Scenario 1 2002 2002 2002
Scenario 2 Long upwelling wind 2009 2009
Scenario 3 Short upwelling wind 2002 2009
Scenario 4 Modiﬁed river 2009 aModiﬁed 2009
a River discharge and TN loading use realistic values up to June 23, but then switch to
the constant (2009 Apr–June average).observation-based estimates of 14,800 ± 6300 km2. The correlation
coefﬁcient between model-based and observed estimates is relatively
high with r = 0.7 (p b 0.01). The only year when the model-based
and observed estimates differ is 1994.
A comparison of the spatial distributions of hypoxic conditions for
2002 and 2009, the years our study is focused on, shows that the simu-
lated hypoxic extent is similar to the observed extent in both years
(Fig. 4). For 2002, the simulated hypoxic region is relatively large and
stretches westward from the Mississippi Delta to west of 93°W. The
observed hypoxic region has a similar westward extension. For 2009,
the simulated hypoxic area is limited to the region east of 92°W similar
to the observed hypoxic conditions.
The temporal evolution of the simulated hypoxic areas for 2002
(Scenario 1) and short upwellingwind case (Scenario 3) are very similar
(Figs. 5, 6 and Fig. 2 in SupplementaryMaterial), indicating that variabil-
ity in wind forcing is the major driver and that the small differences in
river forcing between 2002 and 2009 do not strongly inﬂuence the re-
sults. Therefore, for the remainder of the manuscript, we only compare
the long upwelling wind case (Scenario 2), the short upwelling wind
case (Scenario 3) and the modiﬁed river case (Scenario 4), so that two
scenarios can be compared that only differ in wind forcing (Scenario 2
and Scenario 3) and two scenarios that only differ in river forcing
(Scenario 2 and Scenario 4).
3.1.2. Seasonality of the bottom dissolved oxygen concentration
In addition to the annual shelf-wide survey, oxygen concentration
was also measured at two cross-shelf transects, C and F, monthly or
bi-monthly (see Fig. 4 for location). Transect C is close to theMississippi
River Bird-Foot Delta and the sampling program started in 1990. Tran-
sect F is next to Atchafalaya Bay and was sampled regularly since 2000.
We compared the bottom dissolved oxygen concentration between
model and observations for the two transects (Table 2). The results
show that the average DO from our model overestimated the observa-
tion on the transect C, but fall into the measured scope. For both,
model and observation, the bottom DO on transect F was higher than
on C, indicating that the model captures similar spatial gradients as
observations. Also, bottom DO during non-summer months is higher
than during summer months on both transects for the model as well
as the observations, indicating our model can reproduce the seasonal
cycle of bottom DO.
3.2. Hypoxic area under long and short upwelling-favorable wind
The time series of the total extent of the simulated hypoxic area dif-
fer substantially between Scenario 2 (long upwelling wind case) and
Scenario 3 (short upwellingwind case) (Fig. 5). Although themaximum
hypoxic areas are comparable (15,617 km2 in the short upwellingwind
case vs 14,537 km2 in the long upwelling wind case) the dates when
the maximum extent is reached are different. For the long upwelling
wind case, the maximum hypoxic area occurred in the early summer
(19 June). For the short upwelling case, the maximum hypoxic area
occurred more than a month later (23 July).
For eachmodel grid box,we calculated the number of days forwhich
dissolved oxygen at the bottom was less than 2 mg/L during the early
(10 June–23 June) and late (17 July–31 July) summer period (periods 1
& 2, Fig. 6). During period 1 of the short upwelling case, wind was
downwelling-favorable and very little hypoxia occurred on the Louisiana
shelf. In contrast, during the same period of the long upwelling case, the
hypoxic region extended from the Mississippi Delta westward to about
93°W. Also, hypoxic conditions were persistent, lasting more than a
week on most of the eastern and middle shelves. Period 2 coincides
with the interval in 2002 when winds were upwelling favorable. In the
short upwelling case, persistent hypoxia (N12 days) occurred during
period 2 on both the eastern and middle parts of the Louisiana shelf
and extended to the western shelf by about 0.5 degree longitude. In
contrast, during the same period in the long upwelling case, persistent
Fig. 3. Observed and simulated hypoxic areas with uncertainties from 1985 to 2009 shown as a time series in (a) and as a 1-to-1 plot in (b). The observed hypoxic areas and uncertainties
are from Obenour et al. (2013). The simulated hypoxic area estimates are calculated as described in Section 2.3.
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longitude onto the middle shelf.
3.3. Surface salinity and chlorophyll under long and short upwelling-
favorable wind
The distribution of plume water (deﬁned here as salinity b24) also
differed substantially during the two selected periods for the short
and long upwelling wind cases (Figs. 7, 8). During period 1 of the
short upwelling wind case, without any upwelling favorable wind, the
plume water was conﬁned to the nearshore of the Louisiana shelf with
isohalines almost parallel to the coastline and distributed vertically in
the cross-shore transect. By contrast, during the same period of the
long upwelling wind case, the plume water extended to the eastern
and middle shelf from the mouths of the Mississippi and Atchafalaya
Rivers. Compared to the short upwelling wind case, the low salinity
water extended further offshore instead of westward with isohalines
in half-circle shapes, surrounding the region from the MississippiDelta to 93.8°W. The offshore extent of the plumewater can also be ob-
served in the vertical section.
During period 2 of the short upwellingwind case, the distribution of
plumewater and the shape of the isohalines in both the horizontal view
and the cross-section view are similar to those in period 1 of the long
upwelling wind case. The offshore-extension of the low salinity plume
water in these two situations indicates strong stratiﬁcation on the
Louisiana shelf. In contrast, during period 2 of the long upwelling
wind case, low salinity plume water is only found near the Mississippi
and Atchafalaya River mouths and salinity is high (N30) even near
shore on the western shelf. On the cross-shore transect, salinity is low
near shore, has a local maximum on the mid-shelf and decreases
again further off shore. The relatively fresh core inshore is the extension
of the Atchafalaya River Plume, while the fresher water offshore is an
extension of the Mississippi River Plume. The 31 to 34 isohalines are
parallel to the surface, unlike in the other three cases.
The relatively fresh river water carries high nutrient concentrations
with it, which stimulate phytoplankton growth and thus coincide with
Fig. 4. Simulated (shaded areas) and observed (dots) hypoxic conditions in Scenario 1
(2002 Wind and 2002 River, top) and Scenario 2 (2009 Wind and 2009 River, bottom).
The simulated hypoxic region includes all bottom box gridswhere dissolved oxygen ≤ 2 -
mg/L during the cruise period (21–26 July in 2002; 18–23 July in 2009). The stations
where hypoxiawas observed are shown as ﬁlled black dots,while stationswithout hypox-
ia are shown as white dots.
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short upwelling wind case, two high (deﬁned here as chlorophyll-
a ≥ 10 μg-Chl/L) chlorophyll regions are present on the eastern and
western shelf but are limited to a narrow band along the coastline.
During period 2 of this case, the two high chlorophyll regions are present
on the eastern and middle shelf again but extend further offshore.Fig. 5. Simulated hypoxic area forced by 2002 wind and 2002 river (Scenario 1: 2002);
2009 wind and 2009 river (Scenario 2: long upwelling wind); 2002 wind and 2009 river
(Scenario 3: short upwelling wind); 2009 wind and modiﬁed river (Scenario 4: modiﬁed
river). The early summer period (period 1: 10–23 June) and late summer period (period 2:
17–31 July) used in Figs. 6–9 and Fig. 2 in the SupplementaryMaterial is also noted by the
thick black lines on the x-axis. The shaded red and blue areas indicate the 2009 (18–23
July) and the 2002 (21–26 July) cruise times.During period 1 of the long upwelling wind case, the high chloro-
phyll ﬁeld is centered around the middle shelf and tilted toward the
east. This high chlorophyll region extends from the Mississippi Delta
westward to about 93°W. During period 2 the region with high chloro-
phyll is present on the middle and eastern shelves and closer to shore.
Chlorophyll concentrations on the western shelf are substantially
reduced.
3.4. The hypoxic area of the modiﬁed river case
The hypoxic area simulated in Scenario 4 (the modiﬁed river case)
is identical to that of Scenario 2 until 23 June, because of identical
forcing. However, starting from 24 June the hypoxic area of Scenario 2
decreased, while that of the modiﬁed river case remained high,
i.e., around 1.5 × 104 km2 until 01 August, when the wind returned to
downwelling-favorable.
The distributions of surface salinity, chlorophyll and the hypoxic
area also differ between Scenario 4 and Scenario 2 in the late summer
period (Fig. 3 in Supplementary Material). With continued upwelling-
welling favorable wind, the relatively fresh and high chlorophyll water
in both of the scenarios moved to the eastern shelf in late summer.
However, the fresh and high chlorophyll water occupied a larger region
on the middle and eastern shelves in the modiﬁed river case than
Scenario 2, because the river discharge and TN loading continued at a
higher level throughout the summer. As a consequence, the hypoxic
area in the modiﬁed river case was relatively large, occupying both
the eastern and middle shelves in late summer.
4. Discussion
Both the Mississippi River discharge and the wind ﬁeld in the
northern Gulf of Mexico have a typical annual cycle. The Mississippi
River discharge approaches its maximum around April and is at itsmin-
imum in summer. The wind ﬁeld in the northern Gulf of Mexico is typ-
ically strong and down-coast during the non-summer (from September
through May), and weak and up-coast during the summer (June to
August, Cochrane and Kelly, 1986; Cho et al., 1998; Nowlin et al.,
2005). The exact time at which the wind switches is different year
to year. Wind is the primary driver of the low-frequency circulation
in this region. The switch of wind direction facilitates hypoxia develop-
ment as has been observed already by Wiseman et al. (1997). They
found that the up-coast, upwelling-favorable wind during summer
drives the river plume eastward and offshore, strengthening the
pycnocline and inhibiting the ventilation of bottom water. The differ-
ences in the simulated surface water plume and bottom dissolved oxy-
gen distribution from our two cases are consistent with the mechanism
described byWiseman et al. (1997). The hypoxic area in both, the short
and long upwelling cases, increases right after the wind turns from
downwelling- to upwelling-favorable. In addition, our simulation with
2009 wind and 2009 river shows that an early start and persistent
upwelling-favorable wind along with gradually reduced Mississippi
River discharge can lead to a reduced hypoxic area in late summer.
The evolution of the hypoxic area during long phases of upwelling
favorable wind (e.g. 2009) has three stages (Fig. 10). The ﬁrst stage is
in the late spring when river discharge is high and wind is typically
downwelling-favorable. During this stage, the river-derived plume
water, which has a relatively low salinity, high nutrient concentrations
and high chlorophyll, ﬂows downcoast (westward) toward the Texas
coast in a contained nearshore current. During this time the isohalines
are distributed primarily vertically, indicating that vertical mixing is
high throughout the Louisiana shelf. Although chlorophyll concentra-
tions are high, the high vertical mixing prevents the development of a
large hypoxic area by ventilating bottom waters.
During the second stage, the wind reverses direction and turns to
upwelling-favorable, typically in early summer. The low salinity and
high chlorophyll waters on the Louisiana shelf start to be transported
Fig. 6. Number of hypoxic days (shown in color) during period 1 (10–23 June) and period 2 (17–31 July) of the short (Scenario 3) and long (Scenario 2) upwelling wind cases. Panels
(a) and (b) are for 2002 wind and 2009 river inputs (Scenario 3); panels (c) and (d) are for 2009 wind and river forcing (Scenario 2). The western, middle and eastern shelf regions
are separated by the two gray lines.
69Y. Feng et al. / Journal of Marine Systems 131 (2014) 63–73offshore and eastward. Stratiﬁcation on the shelf intensiﬁes because the
light, offshore-moving freshwater pushes over dense, onshore-moving
seawater. In addition, chlorophyll levels are elevated resulting in a ﬂux
of organicmatter to the bottom. The combination of increased stratiﬁca-
tion and high organicmatter deposition leads to a rapid consumption of
dissolved oxygen near the bottom and a rapid expansion of the hypoxic
area on the shelf.
During the last stage, as upwelling-favorable winds continue into
late summer, low salinity and high chlorophyll surface waters continue
to be moved east and offshore. If river discharge is still high at the time,
the strong stratiﬁcation and high chlorophyll concentration should be
easy to maintain on the eastern and middle shelves. However, the
Mississippi-Atchafalaya River discharge has a strong annual cycle with
maximum ﬂows in late spring and early summer that decreases rapidly
afterwards. As the upwellingwind continues intomid or even late sum-
mer, the river discharge typically reduces. Without replenishment of
nutrient-rich river water, the plume water on the western shelf moves
eastward and thus the middle and western shelf become less stratiﬁed
and less productive.
In the case of a late-start and short upwelling favorable wind
(e.g. 2002) the evolution of the hypoxic area only includes the ﬁrst
and second stages described above. However, the ﬁrst stage can last
into late summer followed by the second stage. Although the wind
turns to upwelling-favorable at a time when river discharge is typically
low, the hypoxic area can still increase to over 15,000 km2. This is be-
cause the preceding downwelling-favorable wind has already steered
the low salinity, high chlorophyll plume water to the west, middle and
east Louisiana shelf along the coast in early summer. The pre-existing
plume water on the middle and western shelves then moves offshore
and eastward once the wind turns into the upwelling-favorable
direction, resulting in the development of a hypoxic area on the whole
Louisiana shelf.Table 2
Averaged bottom dissolved oxygen concentration with standard deviation for C and F
transect (Fig. 4) during summer (Jun–Aug) and non-summer (Sep–May), unit: mg/L.
Section C Section F
Summer
(Jun–Aug)
Observation 0.8 ± 0.7 2.1 ± 0.3
Model 1.8 ± 0.4 2.0 ± 0.4
Non-summer
(Sep–May)
Observation 2.1 ± 0.3 3.5 ± 0.1
Model 2.5 ± 0.8 3.6 ± 0.1The summer minimum in freshwater discharge and nutrient load is
a critical factor for the contraction of the hypoxic area when upwelling-
favorablewind is persistent. If the river discharge remains at high spring
levels, although freshwater is still moved to the east by the upwelling-
favorable wind, relatively more freshwater and nutrients remain on
the middle shelf. These nutrients support high primary production
and, as a consequence, make organic matter available for microbial
decomposition on the middle shelf. Along with the strong stratiﬁcation
set up by the continuing freshwater discharge and upwelling favorable
wind, hypoxia remains extensive on the east andmiddle Louisiana shelf.
Feng et al. (2012) found that the measured hypoxic area was signif-
icantly correlated to the duration of east–west wind during the 32-day
period preceding the cruise. A similar relationship was also revealed
by Forrest et al. (2011) using an averaged wind speed from 15 June to
15 July. Both of the statistical models use the wind history starting
from about 1-month ahead of the hypoxic area measurements and
suggest an accumulative wind effect in modifying the hypoxic area.
However, hypoxic area predictions from a statistical model only have
an inter-annual time resolution. If one is interested in the variability of
the hypoxic area at an inter-seasonal time scale, a hydrodynamic
model forced by high temporal resolution wind ﬁeld is needed, because
only this type of model can simulate the background vertical mixing,
which changes the bottom dissolved oxygen concentration instantly.
The inﬂuence of wind on ecosystems and hypoxia has previously
been studied in the open upwelling system of the North American
west coast (Barth et al., 2007; Bianucci and Denman, 2012; Chan et al.,
2008) and in closed estuaries such as Chesapeake Bay (Li and Li, 2012;
Scully, 2010a,b) and Long Island sound (O'Donnell et al., 2008; Wilson
et al., 2008). In open upwelling systems, the onset of upwelling wind
and the wind stress intensity control the strength of the on-shore ad-
vection of oxygen-poor andnutrient-rich deepwater, therebyprecondi-
tioning bottom waters on the continental shelf with low oxygen
concentrations. In closed estuaries, the persistence of directional wind
controls the ventilation of bottom waters and thereby the bottom
oxygen concentration through along-channel straining (Scully et al.,
2005) and lateral advection (Scully, 2010b). Wind inﬂuence on phyto-
plankton blooms has been shown on the continental shelf of Gulf of
Maine (He and McGillicuddy, 2008; He et al., 2008; McGillicuddy
et al., 2003). Our study was the ﬁrst to show that wind effects also
exist on the broad, river-dominated continental shelf of Gulf of
Mexico, where changes in the horizontal river plume position due to
wind affect stratiﬁcation, primary production, and thereby bottom oxy-
gen concentrations and the hypoxic area.
Fig. 7. Simulated average surface salinity of the short (Scenario 3) and long (Scenario 2) upwellingwind cases. Black dashed lines show the position of cross-shore transects in Fig. 8. Gray
dot-dashed lines show the 24 isohalines. The periods and the cases of (a), (b), (c), (d) are the same as Fig. 6.
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is by howmuch the hypoxic area will be reduced for a certain reduction
in nitrogen load. Our results suggest that the maximum hypoxic
area should be used in this context, since the hypoxic area measured
during the annual monitoring cruises at the end of July may deviate sig-
niﬁcantly from the maximum. One possibility for targeting the maxi-
mum hypoxic extent would be to monitor the wind conditions before
the cruise and schedule the cruise shortly after the wind turns from
downwelling- to upwelling-favorable.
One important shortcoming of our model, whichmay partly explain
the big discrepancies between simulated and observed distributions
of hypoxic conditions in 1994, is that organic matter is remineralized
immediately when exported to the sediment. In reality, the time scale
for the decay of the organic matter ranges from hours to thousands
of years depending on its composition (Amon and Benner, 1996;
Henrichs and Reeburgh, 1987). 1993 was the year that the Mississippi
River ﬂooded. The river discharge was much higher and the elevated
spring discharge lasted much longer than normal, resulting in more
nutrients being delivered to the Gulf of Mexico, and thus, more organicFig. 8. Simulated average salinity on a cross-shore transect of the short (Scenario 3) and long
dot-dashed lines show the 24 isohalines. The periods and the cases of (a), (b), (c), (d) are thematter converted from inorganic nutrients reaching the seaﬂoor and
being preserved in the sediments. The delayed decomposition results
in a more gradual oxygen drawdown over time than occurs in the
model and allows the sediment transport of organic matter further off-
shore and westward—a process that may have led to the large hypoxic
area observed in 1994. We expect that a more reﬁned representation
of organic matter remineralization in the sediment would increase the
size of the simulated hypoxic area in 1994 and thus improve the agree-
ment between model and observations.
5. Conclusions
Our results show that upwelling-favorable wind facilitates the de-
velopment of hypoxic conditions on the Louisiana Shelf; however, if
the upwelling-favorable wind starts in the early summer and persists
for a long time, the hypoxic areawill decrease by late summer. Although
the river nitrogen loading appears to determine the maximum hypoxic
area that can be reached in summer, thewind canmodify the size of the
area within a month. Hypoxia managers interested in how much of a(Scenario 2) upwelling wind cases. The position of the transect is shown in Fig. 7. Gray
same as Fig. 6.
Fig. 9. Simulated average chlorophyll concentration during the two selected periods. The periods and cases of (a), (b), (c), (d) are the same as Fig. 6. The western, middle and eastern
shelves are separated by the two gray solid lines. The white contours on top are 6, 12, 18, 24, 30 isohalines. The gray dashed lines are 10 μg-Chl/L chlorophyll contours.
Fig. 10. Schematic diagram of the response of river plume, surface chlorophyll ﬁeld and bottom organic matter to wind. (a), (c), (e) are the horizontal views. (b), (d), (f) are the cross-
section views along a transect on the western shelf. Red arrows represent the wind. Blue arrows represent the Ekman transport. Stages 1 and 2 are characterized by large river discharge.
River discharge is low during Stage 3.
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72 Y. Feng et al. / Journal of Marine Systems 131 (2014) 63–73nitrogen reduction is necessary for a decrease in hypoxic should focus
on themaximum extent of hypoxic conditions, which is not necessarily
captured by the monitoring cruises in late July. Focus on the maximum
hypoxic extent may also help to better constrain the relationship
between hypoxic area and nitrogen loading. Increasing the number
of monitoring cruises per year and setting up additional long-term
moorings on the western shelf in combination with 3D biogeochemical
models like the one used here would all be useful.
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